Introduction
Titanium based materials materials have found broad acceptance in implantology because of their good osseointegration. However, for patient groups with certain risk factors, as diabetes, osteoporosis or high age, the probability for implant failure may increase [28, 9] . As tissue response to the implant is largely influenced by their physico-and biochemical surface properties, directed manipulation of these is a main field of interest in current research [24] . One approach to alter biochemical properties of the implant surfaces is to immobilize components of the extracellular matrix as Collagen and other proteins/growth factors. This topic is extensively discussed in the article by Scharnweber in this issue. Drawbacks of using them are their high sensitivity, high costs and the limited number of components that can be immobilized at a time. A second strategy is to provide only basic functions within the implant surface, mainly to attract specific cells that create their specific environment by themselves. This approach is followed by the immobilization of small, artificial (cell adhesion) peptides. They are more robust than proteins and can be relatively easily synthesised. For application in bone replacement these peptides contain mainly the amino acid sequence Arg-Gly-Asp (RGD) [25, 15, 18] . Immobilization strategies for bioactive molecules (proteins and peptides) are reviewed by Scharnweber in [25, 22, 2] . This method offers stable immobilization but requires additional chemical modification of the surface, the bioactive molecules or both, possibly involving potentially hazardous substances. Interaction of bioactive titanium based materials occurs generally with the always at the surface present passive layer, consisting of a sub-stoichiometric oxide of the general formula Ti 1+x O 2 . It exhibits n-type semiconducting properties with a band gap of 3.0-3.7 eV [6] though electron conductivity arises to a certain extent [26] . Anodic polarization of titanium based materials leads to a thickening of the passive layer. Charge transfer through the oxide occurs by migration of cations and anions towards the interfaces oxide/electrolyte and oxide/metal, respectively. Hence, oxide formation takes place at both interfaces. This result in a two layer system [21] , consisting of an inner barrier-type layer and an outer one, formed by the hydrolysis of transferred titanium ions. This formation mechanism allows for incorporation of electrolyte components into the outer part of the anodic oxide layer. In our own AESdepth-profile investigations of anodic oxide layers on c.p. Ti (produced in neutral phosphate solution), phosphate ions could be detected in up to 40% of the total oxide layer thickness for a current density of 1.3 mA cm -2 and formation potentials up to 10 V SCE [5] . The total oxide layer thickness depends on the formation potential with a slope of 1.4 to 2.3 nmV -1 [14, 17, 27] . The aim of the work presented here was to develop an immobilization method for bioactive molecules utilizing the growth of anodic oxide for the fixation. In a first step the molecules adsorb on the surface with a suitable anchor group. During the anodic oxidation in the second step adsorbed molecules are partially incorporated in the oxide layer. This method offers the same advantages like adsorption, such as simple process control and feasibility at physiological conditions. In excess of that immobilization stability may be improved. For the experiments presented, a cyclic RGD peptide was used as a model substance, which was developed in the group of H. Kessler at the Technical University of Munich. In this contribution basic investigations concerning the interaction of the peptide with Ti6Al4V surfaces and accessibility of the ligand after immobilization are presented. Therefore results from XPS-measurements, ELISA investigations and first cell adhesion tests are discussed.
Materials and Methods

Sample preparation
Disks of Ti6Al4V (ASTM 136) with the dimension ∅ 10 mm x 2 mm were polished to roughness values below 25 nm (RMS) on a 100 µm length scale by Victor Hegedues GmbH, Wehningen. Substrates for the XPS measurements were (15 x 15) mm 2 squares of silicon waver, sputter-coated with 100 nm titanium. Prior to use all samples were ultrasonically cleaned in 1% triton X100, water, acetone and ethanol for 15 min each.
Setup of the electrochemical cell
For the coating procedure samples were glued to the bottom of 12well multiplates using 10 µl toluene. Electrical contact was ensured by a contact probe through a hole in the bottom of the well. A spiralled platinum wire was used as auxiliary electrode. A saturated calomel electrode (SCE) was placed in a neighbouring well as reference electrode and connected with the cell via a salt bridge made from an agarose filled silicon tube. For the anodic polarization a Voltalab 4.0 (Radiometer, Copenhagen) and a multi-channel potentiostat VMP (Biologic, France) were used.
Peptides
All peptides were provided by Biomet Germany. They consist of a cyclic RGD-containing bioactive ligand, c(RGDfK), a spacer and a dendritic linker with four phosphonic acid groups. For the experiments four synthesis charges of two peptides with different spacers were used as summarized in table 1. The syntheses were performed in the group of H. Kessler at the Technical University of Munich and are described elsewhere [12, 8] except for P2b, which was provided by Biomet Germany GmbH. 
Coating procedure
After fitting and contacting the samples in the multiwell plate their compartments were filled with 2970 µl buffer followed by mounting of the salt bridge and the auxiliary electrode. To the completely prepared cell 30 µl of the peptides stock solution (10-fold of the finial concentration) was added. The cell was left for 10 min to allow the peptide to adsorb on the sample surface and subsequently polarized anodically. After the electrochemical step the electrolyte was removed from the cell within 1 min and the cell was rinsed three times with Millipore water. Until analysis the samples were stored at 4 °C. In this contribution the whole process is named Immobilization and consequently the terms "samples with immobilized peptide" and "immobilized peptide" will be used. Several electrochemical parameters were used for the coating: 1. Galvanostatic immobilization Polarization with constant current density after adsorption period until end potential is reached 2. Single-step potentiostatic immobilization Polarization with constant potential after adsorption period for 100 s 3. Multi-step potentiostatic immobilization
• Preconditioning: Polarization with 2 V SCE before addition of peptide for 100 s to reduce surface contamination by formation of new oxide • Two polarization steps of 3 V SCE and 4 V SCE with a rest between both steps to allow new peptide to adsorb. Samples with adsorbed peptide were treated similarly omitting the electrochemical step. For XPS measurements the peptide was adsorbed at the titanium coated silicon wafer by placing a drop of 200 µl on the sample for 10 min followed by three times rinsing with water. 
Peptide 2/synthesis 2
Angle-resolved XPS (ARXPS) measurements
The XPS measurements were carried out on a PHI 5700 ESCA system using a Mg K· source, operating at 200 W. For the element scans the pass energy was set to 29.35 eV. Sample charging was corrected by shifting the main component of the Ti2p 3/2 peak to 458.8 eV (TiO 2 ). For the angle-resolved measurements the take-off angle is defined between the analyzer axis and the sample surface.
ELISA
Coated samples were washed 3x with in buffer I (PBS, pH = 7.4).Non-specific binding was prevented by incubation with buffer I + 5% BSA for at least 2 hours at room temperature, followed by washing with buffer I. A murine α v β 3 /α v β 5 antibody in buffer II (PBS, pH = 7.4 + 1% BSA) was added for one hour at 37 °C. Washing 3x with buffer II was followed by incubation with peroxidase coupled goat-anti-mouse IgG antibody in buffer II at 37°C for one hour. Antibody binding was finished by 3x washing with buffer II. Addition of peroxidase substrate solution (1 mg 3,3',5,5'-tetramethylbenzidine-dihydrochloride, 0.2 ‰ hydrogen peroxide in 10 ml citratephosphate buffer, pH = 5.0) started enzyme reaction at room temperature which was stopped after 3 minutes with 2 M sulfuric acid. Semiquantitative detection of peroxidase activity was determined with an ELISA reader (SLT Labinstruments Germany).
Cell adhesion test
A MC3T3 E1 cell line was used for the cell adhesion experiments. After 1 h seeding time cell numbers were determined by means of hexosaminidase test [16] . Plating efficiency was calculated relative to the enzyme activity of the seeded cell number of 5 x 10 5 cells per sample.
Results
XPS measurements
The surface composition is dominated by the elements C, N, O, P and Ti. The element peaks C1s and O1s feature multiple components. All other peaks exhibit only a single component. Especially for Ti2p no metallic titanium was detected. In figure  1 concentrations of the main elements detected during ARXPS measurements on the surface are shown with respect to the oxygen concentration. Oxygen was chosen as base because this is the only element expected to be present throughout the whole surface layer. For phosphorous this ratio was multiplied by 10 in order to enhance visibility. For this element a maximum occurs between take-off angles of 15°to 30°and for nitrogen at 15°. For titanium the ratio increases and for carbon it generally decreases, except for the first datapoint at 5°, with rising take-off angle.
ELISA
In figure 2 ELISA results for the adsorption and immobilization of P1b and P2a from 10 -5 mol/l peptide in borate buffer (pH = 7.4) and acetate buffer (pH = 4.0) are compared. The ELISA signal (absorption values) for P1b and P2a after adsorption reach 40 % and 1/3, respectively, of that after immobilization (figure 2) at pH = 7.4. The highest signal is observed for P2a after immobilization in acetate buffer. After immobilization in borate buffer the ELISA signals amount to 0.6 (P2a) and 0.5 (P1b). Immobilization in non-buffered Na 2 SO 4 (pH ≈ 7) leads to comparable results as for acetate buffer. Contrary to that, the ELISA signal after immobilization of P2a from citrate buffer is as low as after adsorption.
In figure 3 ratios of the ELISA signals after immobilization and adsorption are compared for borate buffer and acetate buffer. Highest ratios are observed for borate buffer (pH = 7.4) with 2.5 and 3 for P1b and P2a, respectively. This effect is not that pronounced for acetate buffer (pH = 4.0). ELISA results for immobilization of P2b (3*10 -6 mol/l) with various electrochemical parameters are shown in figure 4 . No differences can be observed for potentials between 2 and 6 V SCE , applied in potentiostatic or galvanostatic mode. Stability of the immobilization was tested by immersion of the samples in physiological NaCl-solution (buffered with borate buffer pH = 7.4) up to 14 days. As displayed in figure 5 , the loss of the ELISA signal is between 5 and ca. 30% during that period but no significant dependency from the immobilization method can be observed.
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Cell adhesion experiments
Detected cell numbers related to the maximum cell number (plating efficiency) after adsorption or immobilization of P2b under various electrochemical conditions is depicted in figure  6 . Lowest mean plating efficiencies were always observed for reference samples without peptide (black line: mean of three samples). For the immobilization of P2b under potentiostatic control a drop of the plating efficiency and a distinct increase of the standard deviation are observed for immobilization potentials between 3.5 V SCE and 6 V SCE . Below and above this potential range in potentiostatic mode, for galvanostatic operation and for the adsorbed peptide, plating efficiencies constitute at ca. 70 % and are nearly independent from the electrochemical conditions.
Discussion
The aim of the work presented was to develop an immobilization method for bioactive molecules, as cell adhesion peptides, on titanium based alloys utilizing the formation of an anodic oxide layer for the entrapment of the previously adsorbed molecules. Following the results obtained from the XPS measurements, the ELISA experiments and the cell adhesion tests will be discussed with respect to interactions of the peptides anchor group with the substrate surface and the impact of electrochemical parameters on the immobilization as well as the accessibility of the bioactive ligand.
Interaction of the phosphonate anchored peptide with the titanium alloy surface
In the system under investigation, the initial interaction between titanium oxide surface and peptide is expected to be physisorption of the peptide. The ratios of the element concentrations N1s/O1s and P2p/O1s calculated from the ARXPS (figure 1) exhibit maxima at take-off angles of 15°and between 15°and 30°, respectively. The only source for phosphorous in the peptide are the anchor groups of the linker, whereas nitrogen is pervasive in the peptide. As the take-off angle is related to the escape depth of the photoelectrons it is concluded that the phosphorous is located deeper inside the surface layer. These results indicate the interaction of the linker with the surface. As shown in figure 2 , immobilisation in borate buffer at pH = 7.4 results in a slightly lower ELISA signal compared to acetate buffer (pH = 4.0). This effect did not occur for Na 2 SO 4 , whereby it has to be pointed out, that using a non-buffered electrolyte will lead to a certain drop of the pH-value at least directly in front of the electrode which could influence the immobilisation of the peptide. concluded, that electrostatic interactions can only play a minor role in the adsorption process, as otherwise a strong pH-dependency would be expected. Binding of phosphonates to titanium is extensively discussed in the literature [11, 10] . For example, Mutin et al. could demonstrate on patterned TiO 2 /SiO 2 surfaces that n-dodecylphosphonic acid can be selectively bound to TiO 2 but not to SiO 2 by dip coating in aqueous solution [20] . It is generally accepted that the interaction takes place via the formation of P-O-Ti bonds. Whether the exact bonding mode is mono-, bi-or tridentate is still debated. ELISA signals of adsorbed peptide are generally lower than of immobilized peptide for P1b and P2a ( figure 3 ). This effect is less pronounced at pH = 4.0 and not observed for P2b, indicating that this is due to different properties of the synthesis charges and not directly caused by the immobilization process. Kantlehner [12] and Dahmen [8] address difficulties with the deprotecting of the phosphonic acid groups and the following purification of the end product as last syntheses steps. Therefore the peptide solution contains probably a mixture of peptide with free and blocked anchor groups. This may lead to a pH-dependency for the adsorption (more intensity at pH = 4.0) due to a change in the charge ratios and (partial) deprotecting during anodic polarization.
Binding Stability of the peptide
For adsorbed species the stability of the coating is determined by the number of binding sites, the nature of bond (physisorption/chemisorption), as discussed above, and the electrolytic environment. In case of the electrochemically supported immobilization of molecules the binding stability should be influenced mainly by the incorporation depth of the linker, hence the thickness of the anodically formed oxide layer. To find optimal immobilization parameters the above mentioned boundary have to be taken into account, leading to the following considerations:
• The thickness of the air-formed passive layer is estimated with at least 5 nm, because no metallic titanium was detected in the XPS measurements.
• From that and the dependence of the oxide layer thickness from the immobilization potential follows that no significant growth of the oxide layer could be expected below 3 V SCE .
• Operation in potentiostatic mode offers exact control over the oxide layer thickness.
• Conditioning of the surface at 2 V SCE prior to the adsorption may help to generate uniform surfaces and to reduce surface contamination.
Following from that, an immobilization potential of 4 V SCE was chosen with and without preconditioning at 2 V SCE . However, the ELISA results in figure 5 indicate that the electrochemically supported immobilization does not increase the binding stability of peptide compared to adsorption within a time period of 14 days, independent on electrochemical process parameters. Similar binding stabilities were found bei Auernheimer et al. [1] for the adsorbed peptide, withstanding extensive detergent and ultrasonic treatment as well as dry heat up to 70 °C. This can be explained due to the nature of bond between phosphonates and titanium surface and the high number of four anchor groups in the linker.
Accessibility of the RGD sequence for cell receptors Accessibility of immobilized molecules for cell receptors requires a minimal distance between linker and ligand, which has to be guaranteed by the spacer length. In the literature values of 3.0 -3.5 nm are reported as necessary for cell adhesion peptides [3, 7, 13] . In the system presented the effective spacer length is diminished by the incorporation depth. Consequently the decrease in plating efficiency at potentials in the range of 3.5 V SCE to 6 V SCE for potentiostatic immobilization (figure 6) can be attributed to a reduction of the effective spacer length near or below the necessary limit. A complete incorporation of the peptide is not expected, because the ELISA antibody still recognizes the ligand (see figure 4) . Below 3 V SCE possibly no integration of linker and spacer occurs. Above 6 V SCE the incorporation of the spacer to a large extent may result in a reduced degree of freedom of the peptide, leaving fresh oxide surface not blocked by the already immobilized peptide. This oxide is available for adsorption of peptide from solution in the time period between the end of polarization and removing the electrolyte and rinsing the electrochemical cell. Using galvanostatic polarization no reduction of the plating efficiency occurs. Obviously the completely different current-density-time curves for both modes (current densities in the range of mA/cm 2 during the first second, rapidly decreasing in potentiostatic mode compared to constantly low current density in galvanostatic mode) lead to a different presentation of the peptides ligand. For this the permanently production of fresh oxide at the interface oxide/electrolyte, allowing the adsorption of new peptide, may play a role. However, it can not be explained why no blocking occurs for low potentials (low incorporation depth higher degree of freedom of the spacer) as discussed for the potentiostatic mode above.
Conclusion
The peptide used in this study adsorbs relatively stable on titanium alloy surfaces due to its four phosphonate groups as linker. Adsorbed peptides can partially incorporated in the outer part of an anodically formed oxide layer. Though it does not result in improved stability against desorption in 0.9% NaCl solution it may increase stability in protein containing environment, especially in vivo. The immobilization technique itself has certain advantages compared to standard methods as covalent attachment or adsorption. Principally it can be carried out under physiological conditions and the process flow is relatively simple. There is no additional modification of the surface necessary. Difficulties arise from the immobilization principal itself, because the oxide formation reduces the effective spacer length. It was shown that due to this effect the accessibility of the ligand for cell receptors is reduced under certain electrochemical conditions. To compensate for this, the spacer has to be adapted. Though this immobilization system was successfully tested in animal models [4, 23] it still shows limitations. The number of different molecules immobilizable at one time is limited. Furthermore no defined release behaviour is adjustable. For cases where these limits are disadvantageous the system could be extended by separating the immobilisation in two sub-processes, namely the fixation of the anchor and the functionalization. This can be achieved using the self-assembly capabilities of nucleic acids combined with the electrochemical supported immobilization presented here. This new system is described elsewhere [19] .
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Abstract
A new method for immobilization of biologically active molecules on titanium based materials is presented. Firstly tripartite molecules, consisting of a linker, spacer and bioactive ligand, adsorb via the linker at the surface. In the second step the surface is polarized anodically, thus partially incorporating these adsorbed molecules into the formed oxide layer. Compared to covalent immobilization, this method has the advantages of simpler process control and operability under almost physiological conditions. A cyclic RGD-peptide with four phosphonate groups as linker was used as model substance for the experiments. No increased binding stability of the peptide immobilized by this method compared to adsorption could be observed, as tested by immersion in borate buffered 0.9% NaCl solution. This effect may be attributed to the already high binding stability due to the four anchor groups and the formation of mono-, bi-or tridentate P-O-Ti bonds. However, in first cell adhesion experiments the plating efficiency of MC3T3 E1 osteoblast-like cells was reduced for certain electrochemical conditions. That result indicates that the presented method is principally feasible for the immobilization of bioactive molecules on titanium based materials.
